Background Muscle abnormalities such as low muscle mass and low muscle radiodensity are well known risk factors for unfavourable cancer prognosis. However, little is known in regard to the degree and impact of longitudinal changes in muscle mass and radiodensity within the context of cancer. Here, we explore the relationship between muscle wasting and mortality in a large population-based study of patients with non-metastatic colorectal cancer (CRC). Methods A total of 1924 patients with stage I-III CRC who underwent surgical resection in the Kaiser Permanente Northern California Health System were included. Muscle mass and radiodensity were quantified using computed tomography images obtained at diagnosis and after approximately 14 months. Cox proportional-hazards models were used to estimate hazard ratios for all-cause mortality. Results The hazard ratio for all-cause mortality among patients with the largest deterioration in muscle mass (≥2 SD; ≥11.4% loss from baseline), as compared with those who remained stable (±1 SD; 0.0 ± 5.7%) was 2.15 [95% confidence interval (CI): 1.59-2.92; P < 0.001]. The hazard ratio for all-cause mortality among patients who experienced the largest deterioration in muscle radiodensity (≥2 SD; ≥20.2% loss from baseline), as compared with those who remained stable (±1 SD; 0.0 ± 10.1%) was 1.61 (95% CI: 1.20-2.15; P = 0.002). Conclusions In patients with stage I-III CRC, muscle wasting is a risk factor for mortality, independent of change in body mass and other body composition parameters.
Introduction
Skeletal muscle represents 40% of body mass, constituting the largest organ in non-obese humans. 1 Skeletal muscle secretes hundreds of myokine peptides that influence insulin sensitivity, inflammation, immune function, adipose tissue oxidation, and whole-body metabolism. 2 Moreover, skeletal muscle serves as a central determinant of physical strength and the ability to complete activities of daily living. 3 Muscle wasting is characterized by the progressive deterioration of muscle mass or radiodensity (a novel radiologic measure of lipid contained within muscle). 4, 5 The causes of these muscle abnormalities are multifactorial, including metabolic alterations that promote a catabolic state, physical inactivity, nutritional deficiency, and cancer therapy. 6 Low muscle mass, measured at a solitary time point, is associated with inferior survival in patients with colorectal cancer (CRC). 7 Two studies in stage IV CRC (metastatic spread to distant organs) measured longitudinal changes in muscle mass during chemotherapy and concluded that muscle wasting was associated with a two-fold to four-fold increase in the risk of mortality. 8, 9 However, muscle wasting is often overt in stage IV CRC, occurring concurrently with weight loss and the depletion of adiposity. 10, 11 Overt muscle wasting may be refractory to therapeutic intervention. 12 Conversely, in stage I-III CRC, muscle wasting may be occult, 13 occurring independently of weight loss [14] [15] [16] and the depletion of adiposity. 17 Identifying occult loss of muscle mass may offer the opportunity for timely provision of therapeutic intervention and improve patient management when utilized as a prognostic measure.
It is not known if muscle wasting is a risk factor for mortality in patients with stage I-III CRC who have received cancer therapy with curative intent. If muscle wasting is a risk factor for mortality in this population, the serial measurement of muscle mass or radiodensity may hold promise as an objective measure to inform prognostic decision making and offer a therapeutic target to guide intervention development. 18 The utility of automated methods to quantify muscle wasting for large-scale screening are being explored. 19 To this end, we conducted a population-based retrospective cohort study to examine the relationship between changes in muscle mass and radiodensity with all-cause and cancer-specific mortality in 1924 patients with stage I-III CRC.
Materials and methods

Study population and design
This was a retrospective cohort study. The cohort-Colorectal, Sarcopenia, Cancer And Near-term Survival (C-SCANS)-was derived from the Kaiser Permanente Northern California (KPNC) cancer registry, with ascertainment of all patients diagnosed with stage I-III invasive CRC between the years of 2006 and 2011, aged 18À80 years, who underwent surgical resection for CRC. Inclusion criteria for this analysis required that patients had baseline computed tomography (CT) images within 4 months of diagnosis and before the administration of any post-operative therapy (n = 3262) and follow-up CT images 9-27 months after diagnosis (n = 1924). Patients with CT images at baseline and follow-up (n = 1924) were younger (61 ± 11 vs. 65 ± 11 years; P < 0.001), more likely to have a primary rectal cancer (32.2% vs. 24.5%; P = 0.002), and less likely to have stage I cancer (18.9% vs. 46.0%; P < 0.001) compared with patients with CT images only at baseline (n = 1338). KPNC patients are characteristic of the underlying California population, with the exception at socio-economic extremes. 20 A waiver of written informed consent was obtained by the study investigators, and this study was approved by the KPNC and University of Alberta institutional review boards.
Measures of body composition
Muscle wasting was operationalized using muscle crosssectional area (i.e. muscle mass) and muscle radiodensity. Body composition was measured using contrast-enhanced CT images originally collected for clinical purposes (e.g. initial staging and surveillance of recurrent CRC) with sliceOmatic software (V5.0, TomoVision, Montreal, Canada). 21 A singleslice transverse CT image at the third lumbar vertebra was used, as tissue cross-sectional areas at this lumbar region correlate with whole-body tissue volume. 22 Tissues were demarcated with a semi-automated procedure using Hounsfield Unit (HU) thresholds of À29 to 150 for muscle (including the rectus abdominus, erector spinae, quadratus lumborum, psoas, and internal, transversus and external oblique muscle groups), À150 to À50 for visceral adipose tissue, and À190 to À30 for subcutaneous adipose tissue. 11 Cross-sectional areas were calculated for each tissue compartment by summing tissue pixels and multiplying by the pixel surface area. Muscle radiodensity quantifies the average radiation attenuation rate (HU) and is a radiologic measure of the extent of lipid contained within muscle. 5 A randomly selected subsample of 50 CT images were analysed by two investigators blinded to outcome, and the remaining CT images were analysed by a single trained investigator blinded to outcome. The inter-investigator coefficients of variation for muscle mass and radiodensity were 1.2% and 0.7%, respectively. The test-retest reliability for muscle mass and radiodensity using CT images are 4.7% and 5.0%, respectively. 23 
Study outcomes
The primary study outcome was all-cause mortality, defined as the time from the follow-up CT image to death from any cause. The secondary study outcome was CRC-specific mortality, defined as the time from the follow-up CT image to death attributable to CRC. Deaths were identified from the California state death registry, National Death Index using Social Security Administration data, and KPNC electronic mortality files through 31 December 2016. Deaths were classified as CRC-specific if CRC was documented as an underlying or contributing cause of death on the death certificate through 31 January 2015.
Covariates
The KPNC electronic medical record was used to obtain baseline information on age, sex, race/ethnicity, smoking history, and comorbid conditions using the Charlson comorbidity index. 24 Repeated measures of body mass that corresponded with the timing of baseline and follow-up CT image acquisition were obtained from the electronic medical record. A ≥5% threshold was used to define clinically important weight loss. 15 The KPNC cancer registry was used to obtain information on the anatomical site of cancer, cancer stage, 25 grade of differentiation, and the administration of chemotherapy and radiation.
Statistical analysis
The relationships between muscle wasting and risks of outcomes were nonlinear and evaluated using categorical parameterization. We calculated the standard deviation (SD) of relative changes in muscle mass and radiodensity for patients in the 5th to 95th percentiles; five categories were derived: (i) stable (defined as no change ±1 SD from baseline); (ii) moderate gain (defined as ≥1 to <2 SD of gain from baseline); (iii) moderate loss (defined as ≥1 to <2 SD of loss from baseline); (iv) large gain (defined as ≥2 SD of gain from baseline); (v) large loss (defined as ≥2 SD of loss from baseline). Cox proportional-hazards models were used to estimate the hazard ratio (HR) and 95% confidence interval (CI) of muscle wasting and risk of outcomes. Proportionality of hazards was confirmed with visual inspection of log-log plots. 26 Four models were estimated. Model 1 was adjusted for age, sex, race, site of cancer, cancer stage, chemotherapy, radiation, smoking history, Charlson comorbidity index, time interval between CT images, and baseline muscle mass (or radiodensity). Model 2 adjusted for Model 1 and for ≥5% weight loss between CT images. Model 3 adjusted for Model 1, and muscle radiodensity (or mass), and visceral and subcutaneous adipose tissue. Model 4 adjusted for Model 1, ≥5% weight loss between CT images, muscle radiodensity (or mass), visceral and subcutaneous adipose tissue. Pre-specified subgroups examined were sex (male vs. female) and primary cancer site (colon vs. rectal). A statistical interaction term was added to the Cox proportional-hazards regression model to determine if the relationship between muscle wasting and risk of outcomes differed between subgroups. Exploratory analyses excluded patients with cancer recurrence occurring between the baseline and follow-up CT image (inclusive). Sensitivity analyses were conducted to quantify the strength that an unmeasured confounder must have to explain the observed associations.
27 P < 0.05 (two-sided) was considered to indicate statistical significance.
Results
Characteristics of the study cohort
The average age of 1924 patients was 61 ± 11 years (range: 19À80; Table 1 ). Baseline CT images were obtained within a median of 6 days (interquartile range: 0À12) after biopsyproven diagnosis of CRC. Follow-up CT images were obtained 14.3 months (interquartile range: 12.3À17.1) after baseline CT image acquisition. Between baseline and follow-up CT image acquisition, 478 (24.8%) of patients experienced ≥5% weight loss. The median duration of observation, starting at the time of follow-up CT imaging, was 6.8 years (interquartile range: 5.3-8.4). We observed 519 deaths; 297 (57%) attributable to CRC. Muscle mass and radiodensity, stratified by magnitude of change, are described (Table S1 ).
Muscle mass
Among the full cohort, the average change in muscle mass was +0.1 ± 5.7%. The HR for all-cause mortality in patients with large deteriorations in muscle mass (≥2 SD; ≥11.4% loss from baseline), as compared with those who remained stable (±1 SD; 0.0 ± 5.7%) was 2.15 (95% CI: 1.59-2.92; P < 0.001; Table 2 ). The HR for all-cause mortality in patients with moderate deteriorations in muscle mass (≥1 to <2 SD; ≥5.7 to <11.4% loss from baseline), as compared with those Muscle wasting and survival in colorectal cancer who remained stable was 1.62 (95% CI: 1.26-2.09; P < 0.001). These associations were independent of change in body mass, muscle radiodensity, visceral and subcutaneous adipose tissue. The above-described associations were similar or stronger in magnitude when CRC-specific mortality was examined. Large deteriorations in muscle mass were associated with an increased risk of all-cause mortality in both patients who did and did not experience disease recurrence between CT imaging (Table S2) . Sex did not modify the relationship between change in muscle mass and risk of all-cause mortality (P for interaction = 0.911; Table S3 ). Cancer site modified the relationship between change in muscle mass and risk of all-cause mortality, such that the deterioration of muscle mass was a stronger risk factor in primary colon vs. rectal cancer (P for interaction = 0.048; Table S4 ). Baseline muscle mass did not modify the relationship between change in muscle mass and risk of all-cause mortality (P for interaction = 0.523; data not shown). Correlates of change in muscle mass included primary rectal cancer (vs. primary colon cancer; β = À3.06; P < 0.001); stage II disease (vs. stage I disease; β = 1.71; P = 0.003); and radiation therapy (vs. no radiation therapy; β = À1.74; P = 0.01; Table S5 ).
Muscle radiodensity
Among the full cohort, the average change in muscle radiodensity was À0.7 ± 10.1%. The HR for all-cause mortality in patients with large deteriorations in muscle radiodensity (≥2 SD; ≥20.2% loss from baseline), as compared with those who remained stable (±1 SD; 0.0 ± 10.1%) was 1.61 (95% CI: 1.20-2.15; P = 0.002; Table  3 ). This association was independent of change in body mass, muscle mass, visceral and subcutaneous adipose tissue. The above-described association was stronger in magnitude when CRC-specific mortality was examined. Large deteriorations in muscle radiodensity were associated with an increased risk of all-cause and cancer-specific mortality in patients who did experience disease recurrence between CT imaging.
Sex and cancer site did not modify the relationship between changes in muscle radiodensity and risk of all-cause mortality (P for interaction = 0.693 and P for interaction = 0.392, respectively). Baseline muscle radiodensity did not modify the relationship between change in muscle radiodensity and risk of all-cause mortality (P for interaction = 0.512; data not shown). Correlates of change in muscle radiodensity included primary rectal cancer (vs. primary colon cancer; β = À2.56; P = 0.02); stage II disease (vs. stage I disease; β = 2.16; P = 0.05); stage III disease (vs. stage I disease; β = 3.10; P = 0.02) and ≥3 comorbid conditions (vs. zero comorbid conditions; β = 3.06; P = 0.03).
Sensitivity analyses
The minimum strength of association, on the HR scale, independent of all other variables, that an unmeasured confounder must have with muscle wasting and mortality to fully explain away the observed associations would be 2.78 and 2.14 for large and moderate deteriorations in muscle mass, respectively, and 2.13 for large deteriorations in muscle radiodensity.
Discussion
In this large population-based cohort study, we demonstrated that longitudinal declines in muscle mass and radiodensity are a risk factor for all-cause and CRC-specific mortality in patients with stage I-III CRC. The observed associations were independent of recurrent disease and changes in body mass and other body composition parameters including visceral and subcutaneous adipose tissue. Extrapolated from the abdomen to the whole body, moderate and large deteriorations in muscle mass are consistent with losses of 1.8 ± 0.6 and 4.4 ± 1.9 kg of skeletal muscle, respectively. 22 Among 215 patients receiving first-line chemotherapy for metastatic CRC, a >5% deterioration in muscle mass over 4 months was associated with a 2.1-fold higher risk of mortality. 9 A ≥9% deterioration over 3 months was associated with a four-fold increase in the risk of mortality in a cohort of 67 patients receiving first-line and second-line chemotherapy for metastatic CRC. 8 In our study, over 14 months we observed small overall changes in muscle mass (+0.1 ± 5.7%) and muscle radiodensity (À0.7 ± 10.1%). This is in contrast to patients with stage metastatic CRC, such that over 14 months it is estimated that patients lose, on average, 28.5% and 17.3% in muscle mass and muscle radiodensity, respectively. 8 In a cohort of 1803 healthy older adults, each ≈4% decline in thigh muscle mass over 4 years was associated with a 20% increase in the risk of death, independent of weight loss and changes in adiposity. 28 At the time of diagnosis, 30À60% of patients with CRC may have a low muscle mass or low muscle radiodensity. 8, 29 Low muscle mass and low muscle radiodensity at diagnosis are risk factors for mortality. 8, 29 Our analyses demonstrated that, independent of muscle mass or radiodensity at diagnosis, muscle wasting within the first 9À27 months after diagnosis was a risk factor for mortality. In subgroup interaction analyses, the prognostic importance of muscle wasting did not vary by baseline muscle mass or radiodensity. This suggests that muscle wasting may be deleterious among all patients, regardless of their body composition at diagnosis. The identified associations were independent of weight loss, suggesting that monitoring changes in body mass may be insufficient to promptly identify occult muscle wasting. CT Muscle wasting and survival in colorectal cancer images of the chest and abdomen is recommended every 6À12 months in patients with stage II and III CRC for the surveillance of recurrent disease. 30 If our findings are replicated, it may provide empirical support to the viewpoint that quantifying body composition in routinely collected CT images will add value to patient care. 18 Additional research is necessary to replicate the effect modification of cancer site on the relationship between change in muscle mass and risk of all-cause mortality.
The observation that muscle wasting is associated with mortality may serve as a framework to test the hypothesis that interventions which prevent or retard muscle wasting may offer clinical benefit in this population. In this framework, the measurement of muscle mass and radiodensity may serve as therapeutic targets (i.e. biomarkers) to guide early-phase intervention development. Muscle wasting is characterized by inflammation and oxidative stress, which activate the ubiquitin-proteasome system and apoptosis-inducing proteins, and suppress insulin-like growth factors. 31, 32 Pharmacotherapy development for muscle wasting has just begun to emerge. 33 Participation in physical activity after diagnosis of stage I-III CRC is associated with a 40% relative reduction in the risk of mortality. 34 Physical activity, particularly resistance exercise, is efficacious for preserving or improving muscle mass in adults 35 and may be synergized when prescribed with nutritional supplementation. 36 However, the efficacy of resistance exercise and nutritional supplementation in patients with stage I-III CRC has not yet been established.
The main limitation of this study is that we are unable to comment on the causal relationship between muscle wasting and mortality. There is also the possibility of residual confounding by an unmeasured variable(s). In our sensitivity analyses, this unmeasured variable would need to be moderate in size (HR ≥2) and be completely independent of the variables included in our regression models. Our models were robust to adjustment for changes in body mass and multiple objective measures of body composition. The exclusion of baseline muscle area or radiodensity from our statistical models did not substantively alter the strength of the reported associations. These data were collected for clinical care purposes. The retrospective nature of this study precluded our ability to obtain information on patient behaviours such as physical activity, dietary patterns, intentional weight loss, and other behaviours or health conditions that may influence muscle wasting and the risk of mortality. We did not have information on surgical procedures in this population, such as laparoscopic vs. open resection, length of hospital stay, and post-operative complications. The patients included in this cohort with repeated CT images were younger, more likely to have primary rectal cancers, and less likely to have stage I disease, when compared with those without CT images. These inclusion characteristics reflect historical and contemporary clinical practice recommendations for the use of CT imaging in the initial staging and surveillance of recurrent CRC. 30 Our analyses are applicable to patients who live long enough, or have a clinical justification, to receive follow-up imaging (e.g. surveillance for recurrent disease or presentation of new symptoms).
The main strength of this study is the large, racially diverse, population-based sample. The use of repeated measures of state-of-the-art body composition is novel in this population and may help to overcome some of the methodologic limitations of prior studies that have examined body composition at a solitary time point. 37 The analytic technique using standard deviation thresholds can be applied to regions other than the United States, such as Asia and Europe, to identify patients with significant muscle wasting. All that would be required are the descriptive characteristics (e.g. standard deviations) of changes in body composition for the specific population under study.
In this population-based cohort study, muscle wasting was a risk factor for all-cause and cancer-specific mortality in patients with stage I-III CRC, independent of change in body mass and other body composition parameters. Therapeutic interventions that prevent or retard the magnitude of muscle wasting may offer clinical benefit in this population without needing to produce an increase in muscle mass. These observations stimulate the new hypothesis that objective measures of body composition hold the potential to inform clinical decision making and offer therapeutic targets to guide intervention development in patients with stage I-III CRC.
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